The times of sporulation in populations of plasmodia derived from single starving plasmodia and the variation in intracellular ATP, cAMP and cGMP concentrations were determined from the time when the plasmodia were exposed to continuous light. Sporulation occurred from about 10 h after illumination, with further intermittent sporulation at 5 h or 10 h intervals. Intracellular ATP, cAMP and cGMP concentrations oscillated, usually in phase, with a period of 4-5 h until the irreversible commitment to sporulation occurred. The ATP concentration stopped oscillating, remained at the same level for a few hours and decreased gradually during sporangium formation. Oscillations in cAMP and cGMP concentrations continued, little affected by commitment to sporulate or subsequent sporulation. The period of ATP oscillation did not differ over a wide range of temperature. In plasmodia which were starved only for 1 d and therefore unable to sporulate, light failed to induce ATP oscillation. The concentrations of cAMP and cGMP oscillated but not in phase.
INTRODUCTION
Sporulation in Physarum polycephalum is a differentiation process which a starving plasmodium undergoes after illumination. Because the changes associated with sporulation occur synchronously throughout a large plasmodium, this system is useful for studying events during differentiation both biochemically and biophysically (Sauer et al., 1969 ; Sauer, 1982; Goodman, 1980; Gorman & Wilkins, 1980) . In many sporulation experiments, plasmodia are cultured axenically in a semi-defined medium, transferred to a non-nutrient medium containing niacin, and kept in a dark place for several days (Daniel & Rusch, 1962a, b) . Then, after a 4 h illumination period the plasmodium is irreversibly committed to sporulate : nodules appear at intervals on the veins and these quickly form pillars which thereafter develop sporangia at their apex. The final stages of sporulation involve deposition of melanin pigment, cleavage of apical cytoplasm, meiosis and spore formation (Guttes et al., 1961; Dee, 1975) .
Here we examine the sporulation process in oat-cultured plasmodia (Hosoda, 1980) by measuring intracellular concentration of ATP, cAMP and cGMP in various experimental conditions. Concentrations of all these components oscillate, the oscillation being related to an intermittent formation of sporangia under continuous light.
M E T H O D S
Organism. A plasmodial strain from Carolina Biological Supply was sporulated and spores germinated to produce amoebae. After establishing new cloned amoeba strains, a diploid plasmodial strain (HU 195 x HU 200) was produced by mating amoebae. A second strain used was a haploid albino plasmodial strain (LU 404). Plasmodia were fed on oatflakes and stored as sclerotia.
Srartration conditions. Plasmodia were transferred either to water agar (1 %) or to filter paper on water agar in a trough (30 cm x 40 cm) without food and kept in darkness at 21 1 "C. The plasmodium wet weight was about
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7 g , its advancing front extending the full width of the trough. Plasmodia were adapted to experimental temperatures for 1 h prior to illumination. Induction of sporulation under continuous light. After a period of starvation, plasmodia were illuminated by fluorescent tubes (30 W x 2) from 30 cm above. The light intensity was about 5.3 W m-? (Radiometer, Model 65) which gradually bleached the yellow pigments of the plasmodium.
Determination of sporulation frequency as a function of time. A large starving plasmodium migrating on filter paper was cut into 30-50 pieces (approx. 1 cm2) together with underlying filter paper, and each piece transferred onto filter papers (five sheets thick, Whatman no. 1 ) moistened by distilled water in a 9 cm Petri dish. Filter paper was used because it is non-nutrient; agar can be utilized as a carbon source by P . polycephalum (Knowles & Carlile, 1978) . The plasmodium formed a continuous network of plasmodial veins. The first visible morpho1og;ical change was the development of papillae which rose above the substratum and subsequently became separated from the network. This transition from continuous to isolated morphology was complete within 30 min. This rapid process was utilized as the time of onset of sporulation. The number of dishes in which the process took place was noticed at 1 h intervals up to 50 h after illumination in order to determine the timing of sporulation.
Determination of intracellular ATP, cAMP and cGMP concentrations following illumination. A small frontal part (about 5 mm2) of a large plasmodium migrating on an agar gel was excised together with underlying agar. For the extraction of ATP, the plasmodial piece was immersed in 4 ml of hot 10 mM-Tris/HCl (pH 7.0, 90-95 "C) for 10 min. The suspension was centrifuged (15000 g) for 10 min. The amount of ATP in the supernatant was determined photometrically by the luciferin-luciferase method with firefly lantern (Beutler & Baluda, 1964) . The pellet was used for the protein assay by the Lowry method. The ATP concentrations in plasmodia before illumination were 19.5-33.5 nmol (mg protein)-'.
For cAMP and cGMP measurements, the plasmodial piece was immersed in isopentane cooled b:y liquid N2, transferred to 1 ml ice-cooled 1 M-HCl, homogenized and washed twice with 0.5 ml ice-cooled 1 id-HC1. The homogenate was centrifuged (15000 g) for 10 min. The supernatant was used for cAMP and cGMP assay with the Yamasa Assay Kit based on the method of Honma et al. (1977) and obtained from Yamasa Shoyu K.K., Choshi 288, Japan. The pellet was used for the protein assay. The intracellular concentrations of CAMP and cGMP before illumination varied from culture to culture. For plasmodia starved for 4 d the range was from 4.0-30 pmol cAMP (mg protein)-' and 1.5-7.5 pmol cGMP (mg protein)-'. For simultaneous measurements of ATP, cAMP and cGMP the plasmodial piece was halved, one for ATP assay and the other for cyclic nucleotide assays. The time courses shown are typical, chosen from 3-4 results for cyclic nucleotides and from 5-16 results for ATP at each experimental condition.
Determination of correlation coefficient between two oscillating quantities. Suppose that two quantities x and y oscillate or fluctuate with time, and we want to know the phase relationship between the two. The correlation coefficient, cor (.u,y) , is a quantitative measure of this, and is defined as ((xy) -(x) (y))/(~,a,,) where () represents means, and ol and 0,. are the standard deviations of . Y and y , respectively. Cor(x,y) takes values between -1 and 1 ; there is a strong correlation when cor(.u,y) is close to 1, because cor(x,x) = 1. There is no correlation (1.e. .u and j' are independent) when cor = 0. Correlation between cAMP and cGMP oscillations was examined.
R E S U L T S A N D D I S C U S S I O N
Intermittent sporulation under continuous light Plasmodia, following starvation for times ranging from 100 h to 173 h, were put under continuous light and the time to sporulation noted (Fig. 1) . Sporulation sometimes occurred 10 h after illumination. Sometimes all the plasmodia derived from a single large plasmoldium Fig.  1 (b, h) sporulation. Daniel (1966) had previously observed a fluctuation in ATP level in starving plasmodia, but his measurements were limited to a 5 h period immediately following the onset of illumination.
At the time of sampling for ATP assay, pieces of the plasmodia were cut off and put on wet oatflakes in complete darkness. Spore formation was observed. A commitment to sporulation was attained 11 h after illumination, corresponding closely to the cessation of ATP oscillation. This occurred a few hours earlier than the visible onset of sporulation : papilla formation. At this point ATP concentration began to diminish. In experiments in which commitment was attained later than that shown in Fig. 2(c) ATP oscillation continued to just before commitment. Thus, intracellular ATP concentration in the Physarum plasmodium is a sensitive indicator .for events underlying morphogenetic processes, both visible and invisible.
Eflect of duration of prior starvation on light-induced oscillations of ATP, CAMP and cGMP
concentrations The effect of the duration of prior starvation on variations in ATP, cAMP artd cGMP concentration is shown in Fig. 3(a-c) . With a short preceding starvation (1 d) there were only small and irregular fluctuations of ATP concentrations (Fig. 3 c) , while large and oscillatory variations of ATP were induced in plasmodia with prolonged preceding starvation, as shown in Fig. 2(c) . The amplitude became larger as the preceding starvation period became longer, and reached about twice the level of prior illumination with 3 day starvation (Fig. 36) . The period of the oscillation, once established, was from 4 to 5 h, for all the starvation treatments employed. This acquisition through starvation of the ability to undergo ATP oscillations in response to light appears to correspond to that of the ability to sporulate in response to light. Variations in cAMP and cGMP concentrations following 1 d starvation prior to illumination were also measured (Fig. 30, b) . The two cyclic nucleotides oscillated with a period of 4-5 h as with 4 d prior starvation. The amplitude of cGMP oscillation was somewhat larger than that in plasmodia starved for 4 d, in contrast to the results with ATP. Correlations between oscillations of the two cyclic nucleotides in plasmodia starved for 1 d and 4 d are compared in Fig. 3(e,  f) .With starvation for 1 d there is no significant correlation (correlation coefficient 0.15). In a well-starved plasmodium the oscillations are in phase (correlation coefficient 0.78).
Temperature independence of the period in the light-induced A T P oscillation
Variation in the ATP concentration following illumination was measured at temperatures ranging from 10 to 28 "C. Even at 10 "C, as at higher temperatures, the ATP concentrations oscillated with a period of about 5 h and with a large amplitude (Fig. 4) . The periods of lightinduced ATP oscillation at various temperatures (mean, SE and number of experiments, n, indicated) were 4.9 k 0-7 h (n = 4) at 10 "C; 5.2 f 0-5 h (n = 8) at 15 "C; 4.5 k 0.6 h (n = 16) at 22 "C; and 4-3 k 0.5 h ( n = 11) at 28 "C. The period of the ATP oscillation hence was independent of temperature. Similar ATP oscillations were observed in an apogamic albino strain, LU 404 (Fig. 4b) . ATP, cAMP and cGMP oscillations having similar period have been observed with growing plasmodia in relation to the cell cycle (Fink, 1975; Lovely & Threlfall, 1976; Tyson 1982) . Whether and how our oscillations described above are related to mitosis remains for further study.
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